The collective excitation of the nuclear matter is analyzed in a bosonizated formula of Landau Fermi liquid theory. When the nonlinear self-interacting terms of the scalar meson are taken into account in the Walecka model, the collective excitation energies of the nuclear matter can be obtained self-consistently. It shows that the calculation results are consistent with the corresponding experimental data of the nucleus 208 P b when the quantum number of the orientation of the orbital angular momentum m is zero. Moreover, the cases with the nonzero m values are also studied, it manifests that the collective excitation energy with the fixed nonzero m value are almost invariant when the quantum number of the orbital angular momentum l changes. However, the collective excitation energy of the nuclear matter decreases with the absolute value of m increasing. The direct interaction between two nucleons near the Fermi surface only changes the Fermi velocity, while the exchange interaction causes the collective excitation of the nuclear matter. At this point,
I. INTRODUCTION
The collective excitation of nuclei had been studied in the framework of the macroscopic and microscopic model [1] . Until now, it is still an important topic in the nuclear physics.
The central energy and strength distribution are calculated in the framework of random phase approximation, and then the results are compared with the experimental data [2] [3] [4] .
Landau Fermi liquid theory has made a great success in the traditional condensed physics, and some people tried to solve the problems in the nuclear physics with this model. By using Landau Fermi liquid theory, the compression modulus of the nuclear matter is calculated [5] .
Moreover, this theory is extended to study the collective excitation of nuclei [6] [7] [8] [9] [10] [11] . In the recent years, it is still an interesting topic to study the nuclear structure in the framework of Landau Fermi liquid theory [12] [13] [14] [15] [16] [17] [18] .
Actually, Landau Fermi liquid theory is a kind of quasi-particle method, which implies that the particles discussed in this theory are not real particles. In Landau Fermi liquid theory, the ground state of the Fermi system is treated as a vacuum. When a fermion is excited and jumps above the Fermi surface, a hole is left in the Fermi sea, as is called particle-hole excitation. In the particle-hole excitation, these excited particles are named as quasi-particles. If a great number of quasi-particles appear above the Fermi surface, the whole Fermi system lies in a collective excitation state, and the collective excitation energy of the Fermi system can be obtained with Landau Fermi liquid theory. Ever since it is established, this theory is successfully used to study the collective excitation of the many-electron system in metals widely in the condensed state physics.
The Boltzmann equation of the Fermi liquid in the two-dimensional space has been discussed in Ref. [19] . If the interaction from the external force is neglected, and supposing the quasi-particle lifetime is long enough, the bosonizated equation of motion of the Fermi system can be obtained by integrating the momentum of the quasi-particle. Therefore, the collective excitation of the Fermi system becomes a wave motion of lots of quasi-particles in the momentum space.
The bosonization method of Landau Fermi liquid theory is exceeded to study the collective excitation of the nuclear matter, where the spin of the nucleons is taken into account [20, 21] .
However, the Fermi liquid function, which is related to the interaction between nucleons near the Fermi surface, was constructed in the framework of the original Walecka model, where the nonlinear self-interacting terms of the isoscalar meson are not included in the Lagrangian density, so the effective nucleon mass has to be regarded as a parameter in order to obtain the reasonable collective excitation energies, and the whole calculation is not self-consistent.
In this work, the calculation is performed in the Walecka model, where the nonlinear self-interaction terms of the isoscalar meson are considered, and the correct energy levels of the collective excitation of the nuclear matter are obtained self-consistently by using the parameters in the relativistic mean-field approximation. Moreover, the nuclear collective excitations related to the orientation of the orbital angular momentum are also discussed.
This manuscript is organized as follows: The theoretical framework of bosonizated Landau Fermi liquid theory is evaluated in detail in Sect. II, and the collective excitation of the nuclear matter is discussed in Sect. III. Finally, the conclusion is summarized in Sect. IV.
The Fermi liquid function indicates the interaction of the quasi-nucleon near the Fermi surface, which is given in the Appendix part.
II. EQUATION OF MOTION OF THE COLLECTIVE EXCITATION OF THE

NUCLEAR MATTER
If n 0, kα represents the nucleon number with momentum k and spin orientation α in the ground state of the nuclear matter, and n kα ( x, t) stands for the corresponding nucleon number in the excited state of the nuclear matter, the quasi-nucleon number with momentum k and spin orientation α is defined as
which is a function of the position x and t.
The quasi-nucleon energy in the nuclear matter can be written as
where ξ * kα is the energy of the quasi-nucleon with momentum k and spin orientation α, and the Fermi liquid function f ( k, α; k ′ , β) stands for the interaction between two quasi-nucleon with momentum k( k ′ ) and spin orientation α(β) respectively.
In the spherical coordinate space, Eq. (2) takes the form of
At the Fermi surface,
with v * F Fermi velocity, andˆ k = k/|k| the unit vector on the direction of momentum k. According to the Hamilton principle, we obtain
and
Thus the Boltzmann equation of nucleons can be written as
with I[n] the collission term.
If the force term is taken into account, Boltzmann equation in Eq. (8) becomes
In the relaxation-time approximation, the collision term I[n] ≈ −τ −1 δn, with τ the lifetime of the quasi-nucleon. If τ → ∞, the quasi-nucleon will not decay to other states. 
Supposing F = 0, Eq. (10) takes the form of
In the momentum space, 1
Since the quasi-nucleon number δn kα ( x, t) will be a over complete set of variables when the spatial dependence is included, it turns out that the Fermi surface displacement with its spatial dependence is proper to describe the collective fluctuations of the Fermi liquid.
The quasi-nucleon density in the nuclear matter is defined as
with
The reduced Boltzmann equation is obtained by performing the intergration k 2 dk (2π) 3 on both sides of Eq. (12),
If only the nucleon near the Fermi surface on the collective excitation of the nuclear matter is taken into account, the nucleon momentum k ′ in the Fermi liquid function
Supposing (θ q , φ q ) denotes the direction of q in the spherical coordinate of the momentum space, we can obtainˆ
so Eq. (16) can be written as
Actually, Fermi liquid function denotes the interaction between two quasi-nucleons near the fermi surface, which can be obtained with the Lagrangian density of the Walecka model.
The detailed evaluation can be found in the appendix part of this manuscript. According to Eq. (60), the Fermi liquid function can be written as
where
In the Fermi liquid function in Eq. (21) , the direct interaction between nucleons only gives a contribution to the ground energy of the nuclear matter, and is not relevant to the excitation of nucleon-hole pairs directly. Therefore, in the relativistic mean-field approximation, the Fermi energy of nucleons takes the form of
where the summation runs over the spin orientation and isospin orientation of the nucleon in the nuclear matter. Correspondingly, the Fermi velocity of the nucleon v * F can be written as
where the second term comes from the direct interaction part of the Fermi liquid function in Eq. (21), Therefore, only the exchanging interaction between nucleons is taken into account in the following calculation.
The quasi-nucleon density in Eq. (18) can be expanded in spherical harmonics, i.e.,
respectively. Therefore, the equation of motion of the Fermi liquid takes the form of
Since the collective excitation of the nuclear matter is independent on the direction of the q, we can choose θ q = 0 and φ q = 0, and the function K(θ, φ; θ ′ , φ ′ ) can be written as
In the spherical harmonics of the momentum space,
with a l,m = (l + 1) 2 − m 2 (2l + 1)(2l + 3)
.
In order to obtain Eq. (31), cos θY l,
Moreover,
where the Fermi liquid function f F (l 1 , m 1 ; l 2 , m 2 ) is only related to the exchange interaction between nucleons.
Apparently, the exchange interaction between nucleons plays an important role on the collective excitation of the nuclear matter when l 1 = l 2 and m 1 = m 2 .
According to Eqs. (31), (33) and (34), the equation of motion of the nuclear matter in the Landau Fermi liquid theory can be written as
The equation of motion of the nuclear matter in Eq. (35) can be rewritten in the matrix form, i.e.,
withK l,l ′ = (a lm δ l+1,l ′ + a l−1,m δ l−1,l ′ ) ,
andM
The Fermi liquid is unstable if one of the f F (l ′ , l ′ ) is larger than (2π) 3 v * 
It is apparent that the Hamiltonian in Eq. Assuming the Fermi liquid function is zero, i.e., f F (l, l) = 0, the continuous eigenenergy levels of the Hamiltonian in Eq. (40) are produced, which correspond to particle-hole excitations in the nuclear matter. However, if the value of the Fermi liquid function is large enough, and f F (l, l) > 0, it is more possible to produce two discrete energy levels besides the continuous ones. The positive discrete energy represents the creation of the collective excitation mode of the nuclear matter, while the negative one stands for the annihilation of the collective excitation mode of the nuclear matter, as depicted in Fig. 1 .
III. THE COLLECTIVE EXCITATION OF THE NUCLEAR MATTER
In the relativistic mean-field approximation, the parameters are fitted according to the saturation properties of the nuclear matter. However, only if the nonlinear self-interacting terms of the scalar meson are included in the Lagrangian, the compression modulus of the nuclear matter will be in a reasonable range, and the equation of state will not be too stiff. In this work, the parameter set NL3 is adopted in the calculation, i.e., g σ = 10.217, If the self-interacting terms of the scalar meson are not included in the calculation of the relativistic mean-field approximation, the compression modulus of the nuclear matter at the saturation density is about 500MeV, which is too large and the nuclear matter becomes stiff.
When the equation of motion in Eq. (39) is solved, the obtained collective excitation energies are far lager than the corresponding experimental values, just as done in Ref. [20, 21] . The Hamiltonian in Eq. (40) is not only relevant to the quantum number of the orbital angular momentum l, but to the quantum number of the orientation of the orbital angular momentum m. In this subsection, the case of m = 0 will be discussed. The collective excitation energies of the saturation nuclear matter with Fermi momentum k F = 1.36f m −1 for different l and m are listed in Table II . For the same value of l, the quantum number of the orientation of the orbital angular momentum m changes from −l to l, and the collective excitation energy with m is the same as the −m case. When the l value is conserved, the more larger the absolute value of m is , the more lower the collective excitation energy of the saturation nuclear matter is. Especially, it is surprised that the collective excitation energies of the saturation nuclear matter with different l but the same nonzero m almost take same values, as shown in Table II .
IV. CONCLUSIONS
Landau Fermi liquid theory is bosonizated and used to describe the collective fluctuation of the two-dimensional Fermi system in Ref. [19] . In this work, this method is generalized to the situation of the three-dimension Fermi system, and the spin of the fermion is also taken into account. Therefore, we tried to study the collective excitation of the nuclear matter in the framework of the bosonizated Landau Fermi liquid theory. When the nonlinear selfinteracting terms of the scalar meson is included in the Lagrangian, which is necessary to produce a correct compression modulus of the nuclear mater in the relativistic mean-field approximation, the collective excitation energies for the different orbital angular momentum l and the different orientation of the orbital angular momentum m can be obtained selfconsistently. Moreover, the results with m = 0 are consistent with the corresponding central energies of the giant resonances of the nucleus 208 P b, respectively.
For the case of m = 0, the collective excitation energy with fixed (l, m) takes the same value as that of (l, −m). It is found that the collective excitation energy of the nuclear matter with the fixed nonzero m value is almost invariant when the l value changes. Moreover, these energy values decrease with the absolute value of m increasing when the l value is fixed.
Especially, it should be emphasized that the exchange interaction between nucleons near the Fermi surface plays a critical role in the collective excitation of the nuclear matter. At this point, it is different from the traditional ideals in the nuclear physics, where it is believed that the random phase approximation results in the collective excitation of nuclei [26] .
In a conclusion, the collective excitation of the nuclear matter is analyzed dynamically in the framework of the bosonizated Landau Fermi liquid theory, and an intuitional description on these phenomena has been accomplished in this work.
Appendix: Fermi liquid function
If the effective potential between two nucleons is V ef f ( r ′ − r), the two-body interaction operator can be written aŝ
and The scattering matrix element between two nucleons takes the form of
The anti-symmetric wave function of the two-nucleon system can be written as
where the labels 1 and 2 represent the first and second nucleons, respectively. In what follows, these two labels will be neglected.
In the non-relativistic approximation, Assuming the interaction between two nucleons is realized instantaneously, we can make an approximation r ′ 0 = r 0 → t in Eq. (44). Moreover, the nucleon wave function is independent on the momentum, and only relevant to the nucleon spin, so we can obtainŪ
If the effective potential V ef f ( q) is only relevant to the exchanged momentum squared q 2 , and independent on the nucleon spin, the scattering matrix element S
f i can be written as
The Lagrangian density of the nuclear matter in Walecka model can be written as [27] L
where the tensor of the vector meson is ω µν = ∂ µ ω ν − ∂ ν ω µ , and M N , m σ and m ω represent masses of the nucleon, σ and ω mesons, g 2 and g 3 are coefficients related to the nonlinear seif-interacting terms of the scalar meson, g σ and g ω denote the coupling constants of the nucleon to σ and ω mesons, respectively.
According to the Lagrangian density in Eq. (50), the interacting Hamiltonian can be written as
Therefore, the second-order scattering matrix element can be written aŝ
In order to obtain the amplitude of nucleons, the Feynmann diagrams in Fig. 3 must be calculated.
Firstly, the case that one vector meson exchanges between two nucleons is discussed. The scattering matrix element can be written as
The three-momentum of the nucleon is far lower than the nucleon mass, | k| << M N , 
Similarly, it can be certified that the zero component of the vector meson momentum in the exchanging interaction of nucleons q ′ 0 = k ′ 0 − p 0 tends to zero in the non-relativistic approximation.
According to Eq. (48), the scattering matrix element in Eq. (53) can be simplified as
Comparing Eqs. (49) and (55), the nucleon potential by exchanging a vector meson can be obtianed as
V ω ef f ( q) = 
Similarly, the nucleon potential by exchanging a scalar meson is obtained as
Therefore, the total potential between two nucleons can be written as 
